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 Abstract 
Different methods have been used to deposit the Multi-walled carbon nanotubes (MWCNTs) 
onto the fibre surface to fabricate self-sensing composites. However, the constancy of the 
MWCNTs onto the fibre surfaces during infusion processing still unclear. In this study, we have 
deposited MWCNTs onto the glass fibre surface by two methods to investigate the state of 
MWCNTs during and after epoxy infusion processing. In the first method, the glass fibres were 
directly coated with the MWCNTs and in the second method, an adhesive was used to coat the 
glass fibre surface before depositing the MWCNTs over it. Rectangular specimens for both types 
of self-sensing composites were cut from different zones and then tested. The results showed 
that the self-sensing composites with adhesively bonded MWCNTs exhibited more consistent in 
their properties than the composites where no adhesive was used. In addition, the electrical 
resistance of both types of self-sensing composites was monitored during the epoxy infusion 
process. The results showed that the electrical resistance was no obvious affected for composite 
with non-adhesive bonded MWCNTs and was high for the specimens where the MWCNTs were 
not adhesively bonded. Moreover, the numerical study was also conducted and the results 
indicated that the relationship between the volume fraction of the MWCNTs and their tunnelling 
distance was an inverse. A recent study has proven that the properties of the self-sensing 
composites are strongly dependent on the method that used to deposit the MWCNTs on the 
surface of glass fibres layers. 
 Keywords; Smart composites; MWCNTs; Mechanical and Electrical properties; Self-sensing 
composites, Resistance monitoring. 
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1. Introduction 
Glass fibre reinforced polymer composites are used in a variety of industries such as the military, 
aerospace and energy sectors [1, 2]. This is primarily due to their many attractive properties such 
as having good specific stiffness, good specific strength and their good anticorrosion response 
in most normal operating environments [3]. Recently, many attempts have been made to fabricate 
a smart composite for structure health monitoring applications which can sense any internal 
changes when it exposed to external loads. For example, crack initiation and propagation [4], 
gas leakage detection in energy applications [5], and possible pressure and strain variations [6-
9]. Uniform filler dispersion in a self-sensing composite is very important to get a homogenous 
in mechanical properties along the composite structure as well as to get reliable electrical 
resistance values if the structure is being exposed to external loads [10]. Therefore, such 
improved mechanical and electrical properties are essential to keep the smart composite 
functioning even after being subjected to changes in operating conditions where high static and 
cyclic loading and temperature variations may be encountered. 
      To overcome these potential problems, it may be necessary to improve the strength and 
toughness of the composite by incorporating additional strengthening materials, but without 
affecting the weight of the composite. Carbon nanotubes (CNTs), discovered by Ijima in 1991 
[11], have been widely used in this role as a nanoscale filler to reinforce a number of different 
composites in order to create a self-sensing, and strong, composite. Such a response can be 
achieved since CNTs possess excellent mechanical, electrical, optical and thermal properties [12-
17].  This unique combination of electrical and mechanical properties, in addition to their 
morphological features (high aspect ratio and nanoscale), have made them an excellent candidate 
material for this purpose. To use CNTs in this way, they must somehow be incorporated into the 
fibre composite. This can be achieved in two ways; 
(i) By adding the CNTs directly into the resin matrix material and  
(ii) By impregnating the surface of fibre with the CNTs in order to improve the 
mechanical properties in that region as well as to make it electrically conductive.  
        With regards to the matrix modification technique, Chang [18] studied the mechanical 
properties of GFRP/epoxy composite laminates with embedded multi-walled carbon nanotubes 
(MWCNTs) and compared the results obtained with the unmodified composite. His results 
showed that a significant improvement of the mechanical properties of the composite was 
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achieved, especially with regards to the flexural and impact strengths, which increased by 22.1 
% and 44.3 % respectively, when compared to the unmodified GFRP laminate condition. Wei et 
al [19] added CNTs to epoxy resin in order to develop a smart nanocomposite material. The 
results they obtained showed a good improvement in the Young’s moduli (E) which increased 
by 62.6% (from 2.5 GPa to 6.69 GPa). The material also displayed a good response to strain, 
generating a gauge factor of about 2.68.  However, significant  agglomeration issues were 
observed, caused by adding a high concentration CNTs, so increasing the viscosity of the matrix 
resin and this issue is also observed by other study as well [20].  
     This processing problem remains the major challenge yet to be fully addressed. In addition, 
using a large quantity of CNTs during the fabrication of a large component or structure will 
markedly increase the manufacturing cost. Coating the fibre surface with CNTs, as suggested 
here, could significantly reduce this cost penalty. Several approaches have been employed to 
directly coat the composite fibre surfaces instead of adding them to the resin matrix. These 
methods include direct growth [21], electrophoretic deposition (EPD) [22], dip coating [23] and 
gun spray lay-up [24]. All such methods have successfully deposited the CNTs onto the fibre 
surface and have improved composite properties. For example, Niels et al [21] deposited the 
CNTs directly on the fabric surface using a chemical vapour deposition (CVD) technique in order 
to strengthen the weak interface region between the fibre and matrix. The obtained results 
showed improvement of the composite properties. Deng et al [22], used electrophoretic 
deposition (EPD) to embed the CNTs on the fibre surface. Their study, using scanning electron 
microscopy (SEM), showed surface roughening of the reinforcing fibres so leading to a change 
in the fibres natural surface morphology. This method enhanced the interlaminar shear strength 
(ILSS) of the resulting composite by 60.2%, when compared to normal processing. In general, 
the main purpose of these fibre surface treatments is to eliminate the outer surface layer of the 
fibre, which is often seen as a weak region, so increasing the reactivity of the reactive groups at 
the interfacial surface region [25, 26].  
     However, the mechanical stability of MWCNTs on the surface of fibre has yet to be fully 
understood. Most researchers have concentrated only on the nature of the deposition of 
MWCNTs onto the fibre surface without fully exploring the changes to both the mechanical and 
electrical sensing properties of the resulting glass fibre/MWCNT/epoxy composite. Therefore, 
the main aims of this study are firstly; to investigate the use of a fixing adhesive on the glass 
fibre surface which holds the MWCNTs in their desired location during the resin infusion 
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process. Secondly; to investigate any variations in the mechanical, electrical and strain sensitivity 
properties (viz. any property gradient) along the composite panel length in addition to performing 
a numerical study to investigate the changes in the tunnelling distance between MWCNTs in 
relation to their volume fraction along the composite panel length.  
   
2. Experimental Procedures and Materials  
The multi-wall carbon nanotubes (MWCNTs) used in this study were a CVD synthesized variety 
obtained directly from the manufacturer (US-Research Company, USA). These are shown in 
Figure 1. These CNTs had a mean diameter of approximately 50 nm and an average length of 20 
µm. Their purity was > 95% with a density of ≈ 2.1 g.cm-3. The reinforcing glass fibres used in 
the test panels were of a commercial plain-woven E-type glass, of the density of 2.54 g.cm-3. The 
epoxy matrix resin was slow curing EL2 laminate (bisphenol-A) type with a density of 1.15 g.cm-
3. In addition, a low viscosity resin and curing hardener (type AT30) were chosen which are 
widely used in many industrial applications. The adhesive used to fix the MWCNTs to the fibre 
surface was a simple adhesive spray (Fusion Fix GP Spray Adhesive). The E-glass fibres, the 
epoxy resin and the adhesive were all supplied by the same company (Easy Composite Co, Ltd, 
UK). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. SEM morphology of as-received MWCNTs. 
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2.1 Specimen Manufacture  
     To prepare the MWCNTs/glass/epoxy composite (i.e. MWCNTs - GE), the composite 
laminate layers panels were prepared individually using vacuum assisted resin infusion.  Figure 
2 below shows the preparation steps used during the procedure.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Firstly, a pre-measured mass of MWCNTs (starting from 0.1 g) was spread manually on the 
surface of glass fibres, using a wooden spatula, to make them electrically conductive. This 
process was continued until the MWCNTs covered all of the surface area of the composite layer. 
In this way, a low electrical resistance (i.e. at 0.4 g of MWCNTs ≈ 613 Ω) was produced. 
Figure 2. Schematic illustration of MWCNTs depositing on the top surface of composite layers (for both groups 
with and without adhesive) and then stacked together for vacuum assisted resin infusion. 
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Therefore, each layer consists of 0.4 g MWCNT, resulted in 4 g in case of the applied 10 
layers, which equal to 10 wt. % of the total fabric weight. During this procedure, care was 
taken to ensure that no clumping of the MWCNTs occurred on the surface. The dimensions of 
each coated square specimen area were 32 cm × 24 cm. For the targeting tests panels, 20 such 
layers were prepared. From these, two test panels, comprising 10 layers each, were then 
manufactured. This ensured that each test panel had a nominal thickness of ≈ 2 mm, as required 
by the flexural tests which were conducted according to standard BS EN ISO 14125:2011E [54].  
     These panels were then divided into two groups; one group was coated only with MWCNTs, 
the second group had the MWCNTs fixed into place using the adhesive. For the second group, 
the adhesive was applied to the fibre surface before the resin infusion took place. To ensure that 
a uniform distribution of the MWCNTs was obtained, the MWCNTs were sprinkled very 
carefully manually onto the adhesive layer. These techniques are shown in Figure 2. For 
electrical resistance monitoring, copper conductive tape was attached to the edge of each layer 
for both groups (with and without adhesive applied). This step carried out in order to facilitate 
the monitoring of the electrical resistance changes which was taken place during the processing. 
Control samples were also fabricated from 10 layers of glass fibre and epoxy resin by infusion 
resin processing. The virgin glass fibre/epoxy (GE) composites had ≈ 50-50% volume fraction 
of epoxy resin and glass fabric. 
 
2.2 Mechanical and Electrical Characterisation 
2.2.1 Mechanical Tests 
Flexural tests were carried out on the prepared specimens in accordance with BS EN ISO 
14125:2011E [54] using a three-point bend configuration. These tests were conducted on an 
Instron (5582/UK195) 100 KN Universal Testing Machine operating under displacement control 
with a crosshead speed of 3 mm/min along a span length of 80mm. The dimensions of the test 
specimens were 100 x 15 x 2 mm respectively. Three samples, taken from three zones shown 
in Figure 3, were tested to provide a more accurate average response.  
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2.2.2 Electrical Tests  
For the electrical testing of the specimens, a DC digital multi-meter (type Agilent 34401A) was 
used to take the measurements. The electrical conductivity (𝜎) of samples was calculated using 
the standard equation 𝜎 = 𝐿/𝑅𝐴 where, L is the sample length in mm and R is the resistance in 
ohms (Ω) and A indicates the cross-section area of the sample in mm2. A silver conducting paste 
was used to coat the tip of each specimen to minimize the contact resistances encountered. The 
three samples tested (10×10×2) mm were taken from five different zones positioned along the 
sample length starting from the infusion inlet to the end of the MWCNTs-GE composite panels 
as presented in Figure 4. To quantify the strain sensitivity (via gauge factor), the piezo resistive 
response of MWCNTs-GE composite was calculated for composite samples subjected to flexural 
loading. The electrical resistance was measured at two contact points during the test, as shown 
in Figure 5b.  The gauge factor was calculated from the equation GF = (∆R/R0) ×ɛ-1. Where, ∆R 
= (R-R0) is the changes in resistance caused by the applied load. R0 is the initial sample 
resistance without applied any applied strain. ɛ is the applied strain. 
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To monitor the real-time resistance changes taking place during infusion, both types of prepared 
composite test panels (as explained above) were used. To record the changes in electrical 
resistance, multi-meter probes were connected to the test panels using copper tape on the sides 
of the MWCNTs treated zone. During the infusion process, the flow rate of the epoxy resin was 
maintained at a constant 1 cm.min-1 in order to allow enough time to collect the necessary multi-
meter readings as shown in Figure 5. Scanning electron microscopy (SEM JEOL JSM-7001F, 
Japan) was also used to investigate the degree of dispersion of the MWCNTs on the fibre surface. 
The SEM operated at an accelerating voltage of 15 kV, to ensure an appropriate magnification 
to clearly visualise the MWCNTs in situ. The samples were coated with gold to reduce sample 
charging. In addition, the optical microscopy was also used to capture some images in order to 
show the state of MWCNTs along the whole length of the samples. 
Figure 4. Schematic illustration of samples collected positions along the panel (left) and the 
prepared specimens for electrical conductivity test (right). 
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3. Results and Discussion 
3.1 Mechanical Properties  
For the MWCNTs shown in Figure 6, it was speculated that they could possibly drift during the 
infusion process. To investigate this possibility, test specimens were taken from different 
Figure 5. Illustration of the in-situ resistance monitoring of the MWCNTs deposited composite during (a) 
epoxy infusion and (b) flexural test. 
(b) 
(a) 
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positions along the length of a test panel and then subjected to flexural tests. The test samples 
were chosen from three different zones (70 mm, 140 m and 210 mm) along the panel length from 
the infusion point respectively as shown in Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mechanical properties including flexural strength and elastic modulus were determined for both 
types of fabricated MWCNTs- GE composite using the standard flexural test. Figure 7a, d shows 
the static flexural stress-strain curves obtained for both types of composites (with and without 
adhesive) at the different zones along the composite panel.  The changes in flexural strength, 
elastic modulus versus the locations of collected samples are shown in Figure 7 b, c, e and f, 
respectively.  
Figure 6. Schematic diagram used to explain the mobility the MWCNTs, with respect to time. (a) Without 
adhesive, (b) With adhesive. 
(b) (a) 
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11 
 
 
 
 
      As shown in Figure 7a, d, both composites samples exhibited approximately similar stress-
strain relationship for each zone tested. The flexural stress-strain curves present an almost linear 
response for the flexural stress up to ≈ 200-250 MPa for MWCNTs-GE composite (without 
adhesive) and ≈ 350-400 MPa for MWCNTs-GE composite (with adhesive). In Figure 7b, e, it 
can be seen, regardless of whether adhesive bonding was used or not, that the deposition of the 
MWCNTs on the fibre surface develops a significant increase in the flexural strength of the 
resultant MWCNTs-GE composite when compared to the unmodified (virgin) condition. These 
tests indicated that for the case of MWCNTs-GE composite, where no adhesive bonding was 
used, a gradual, and linear, increase in the flexural strength occurred along the length of the test 
panel. At the start position zone one ( i.e. at 70 mm), the flexural strength was 373.2 MPa and at 
zone three (i.e. at 210 mm) the flexural strength was 429.3 MPa, so indicating a ≈ 13% and ≈ 
26% increase for zone one, and zone three compared to control samples, respectively.  
 
      This increase is due to the drift of the MWCNTs caused by the infusion process which creates 
an increase in the areal density of MWCNTs along the panel length. Figure 8 shows evidence 
on this effect by using scanning electron microscopy (SEM) and optical microscopy, the 
advancing MWCNT front is clearly observed. Where the case of MWCNTs-GE composite with 
adhesive bonding was used to fix the MWCNTs in place, the flexural strength was higher and 
remained reasonably constant at 504.3 MPa, a less than 1.6% change. Clearly, the use of bonding 
adhesive improves the interfacial matrix/fibre properties, so keeping the MWCNTs in place. The 
improvement of the interfacial zone between the nanocomposite components is important 
to helps the load to be transferred easily through them [27, 28]. This maintains a constant 
areal density along the panel length. Currently, no studies in the literature have considered the 
influence of MWCNTs drifting, during processing, on the mechanical properties of MWCNTs-
GE composites. In addition, the flexural modulus of MWCNTs- GE composite also increased 
following the addition of the MWCNTs as shown in Figure 7c, f. The flexural elastic modulus 
of both MWCNTs-GE composites varied in accordance with the specimen’s location zone. These 
changes were highest where no adhesive was used. The elastic modulus steadily increased when 
the location of the specimen changed from zone one to zone three. 
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     The significant increase in the observed mechanical properties for both MWCNTs-GE 
composites is due to the greatly improved interfacial bonding that exists between the 
reinforcement material and the surrounding matrix [29]. This improvement was greatest for 
(adhesive) MWCNTs-GE composite, due to the inclusion of the adhesively bonded MWCNTs 
in this region, which facilitates better load transfer from the matrix to the fibre reinforcement. 
The observed variation in the mechanical properties along the panel length can be attributed to 
the drift of MWCNTs from zone one to zone three, caused by the epoxy infusion flow pressure 
as shown in Figure 8. In this study, the boundary between the two phases is called drift line 
and highlighted with a white line. 
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Figure 7.  Representative individual flexural stress-strain curves measuring results, for maximum flexural strength 
and modulus properties of MWCNT-GE composites without adhesive (a, b, c) and with adhesive (d, e, f). 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
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     Other studies have also investigated the improvement of composite properties through the 
addition of MWCNTs. Chang [18] studied the addition of MWCNTs on the mechanical 
properties of composite laminate/epoxy materials. Their results indicated an increase in the 
flexural strength properties of the resulting composite laminates. Their observed increase was ≈ 
22.1% as compared to the unmodified condition which indicated a lower than in magnitude in 
compare with our study.  In addition, Zhang et al [30] investigated the possible addition of 
different weight percentages of MWCNTs to the matrix material of Glass/fibre composites to 
improve the mechanical properties. They observed that after adding only 0.4 wt.% of MWCNTs 
to the matrix, an improved flexural strength resulted. Neither of these studies considered the use 
of bonding adhesive, as was used here. Therefore, the results of the present study indicated that 
greater improvements to the mechanical properties of the resultant composite are possible when 
a simple bonding adhesive is used to lock the MWCNTs into place. However, the results obtained 
in this study showed lower values compare with those obtained by other researchers. For 
instance, Rahmanian et al [31] used a CVD technique to deposit MWCNTs directly onto the 
fibre surfaces. Their results showed flexural strength and flexural modulus increases by 35% and 
51% respectively.  However, they did not study the variations in mechanical properties along the 
composite panels, they were taken results as an average through their study. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Illustration the mobilization of MWCNTs due to the epoxy flow rate (a) optical micrograph (b) SEM 
micrograph, both showing the drift line (white line), which separated the two phases. 
B 
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3.2 In-situ Resistance Monitoring Test 
Incorporating MWCNTs into glass fibre reinforced composite material will make the surface 
of glass fibre electrically conductive [32]. This is due to the formation of continuous 
conductive pathways from MWCNTs on the surface of glass fibre. Consequently, the 
composite structure becomes very sensitive to external influences, particularly in terms of its 
internal electrical resistance. This provides the opportunity to create a sensor material, where 
changes in resistance can be monitored and related to any environmental or loading changes 
taking place. Here this change in the resistance behaviour also provides the opportunity to study, 
indirectly, the immovability of the MWCNTs in the interfacial region between matrix and 
reinforcement.  
     As described in section 2.2.2 the electrical tests were conducted on test panels to measure the 
changes in their resistance during the epoxy infusion process. Figure 9 shows the measured 
change in the electrical resistance with time for both types of treated (with and without bonding 
adhesive) MWCNTs-GE composites. Here it can be seen that a big difference of both types 
of composite test panels in term of changing in resistance was occurred during the resin 
infusion. Where no bonding adhesive was used to fix the MWCNTs in place, the resistance of 
the panel increased steadily in an almost linear manner from the start of the epoxy infusion 
process. The increase observed here is due to two possible phenomena; firstly the MWCNTs 
have been moved during the resin infusion so increasing the tunnelling distance between 
adjacent MWCNTs. This distance has a direct effect on the total composite resistance [33]. 
Secondly, the increase in temperature that occurs during the infusion process as the resin begins 
to chemically react with the coated composite layers [34, 35]. In addition, where the bonding 
adhesive was used, a good stability and no obvious changes in resistance with time are observed 
up to 500 seconds. This stability is attributed to the adhesive material which plays an important 
role at this case, the viscosity of the adhesive seems preventing the MWCNTs to be drifted and 
leave their position during the resin infusion (see Figure 9b insert). However, after which, a 
very low variation of electrical resistance was remarked when the time is exceed 500 
seconds.  This slight increment in resistance is probably not related to MWCNTs networks 
distortion, and more likely due to the temperature raise in the matrix, which dominates at 
this stage [36]. In summary, without using bonding adhesive to fix the MWCNTs to the fabric 
surfaces, the conducting MWCNT network structure can become distorted, so altering the 
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conduction pathway between MWCNTs particles. In addition, the change in the MWCNTs areal 
density, brought about by the infusion process, may also have an influence on the electrical 
conductivity. Therefore, the influence of MWCNTs mobility and the potential sweep of the 
MWCNTs by the advancing infusion front must not be disregarded. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Electrical Conductivity Measurement 
The electrical conductivity of MWCNTs-GE composite is an important property. By monitoring 
the changing electrical conductivity, the fracture and strain can be predicted or sensed for 
structure health monitoring purposes. Figure 10 shows the variation in electrical conductivity for 
adhesive and non-adhesive composite at different zones locations. 
 
 
 
 
Figure 9.  (a) Variation of electrical resistance with time during epoxy infusion for both type of 
fabricated self-sensing MWCNTs-GE nanocomposite composite and (b) SEM images for 
(adhesive) MWCNTs-GE composite. 
MWCNTs 
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It can be noted that the normalised conductivity of both types of specimens (with and without 
the use of bonding adhesive) increased in accordance with the sampling position i.e. the 
measured normalised conductivity values were highest at the end of the test panels and lowest at 
the beginning. This change was markedly higher where the bonding adhesive was not used due 
to the sweep of the MWCNTs, caused by the advancing epoxy infusion front, increasing the areal 
density of MWCNTs along the panel length. Thus, it is confirmed that any change in the 
MWCNT areal density, brought about by the infusion process, will affect the electrical 
conductivity of the composite. It should also be noted that a greater areal density of MWCNTs 
can also cause a reduction in the overall magnitude of the composite resistance [33, 37, 38]. This 
is considered [39-41] to be due to the reduced distance between MWCNTs improving the 
efficiency of the conduction pathway. Since MWCNTs are randomly distributed above the fabric 
laminate surface and then covered by the epoxy resin, it is not realistic to estimate the exact 
distance between every two adjacent MWCNTs.  This distance along the panel’s zones especially 
for (non-adhesive composite), can be calculated using Simon’s theoretical model [42]. This is 
stated as; 
Figure 10. Variation in electrical conductivity against sample position.  
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Where σm is the electrical conductivity polymer matrix, e the electron electric charge density 
(1.60217662× 10-19 coulombs), m the electron mass (9.10938356×10-31 kg), h indicated the 
Plank’s constant (6.62607004×10-34 m2 kg/s), λ is the energy barrier (0.5 eV~5 eV) for most of 
the polymers (in this study, λ was used 2.5 eV [43]). It should be noted that the tunnelling 
distance (d) is extremely dependent on both the matrix electrical conductivity and the energy 
barrier of the matrix (e). The electrical conductivity of most polymers is between 10-16 and 10-12 
S.m-1. Therefore, polymers (e.g. epoxy) have usually been considered as insulating materials. 
Nevertheless, when the epoxy contains MWCNTs, the electrons can transfer between adjacent 
MWCNTs. This transfer could be defined, in a physical sense, as a quantum mechanical 
penetration of electrons through a potential barrier. By considering the MWCNTs conductivity 
as isotropic and randomly oriented, the electrical conductivity of MWCNTs-GE composite 
material can be given as follows [44]; 
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Where σe is the electrical conductivity of the CNTs composite (in this study experimentally 
calculated and represented in Figure 10, σc and f  indicate the electrical conductivity and the 
volume fraction of MWCNTs).  It is well known that the electrical conductivity of MWCNTs is 
high and ranges from 103 S.m-1 to 105 S.m-1 [45]. Therefore, in our simulations, we use 104 S.m-
1 in accordance with published data. The parameter β in equation (2) represents the non-
straightness of the CNTs, which can only apply here when the aspect ratio of the CNTs is high. 
According to the current properties of the MWCNTs in this study, the aspect ratio (α) is 
approximately 400 and this is considered low based on the recent studies [46], which have 
demonstrated that as the aspect ratio of CNTs increases, then the fibre rigidity will also increase. 
Therefore, the non-straightness is unity in this study. Moreover, H is called the depolarisation 
factor and it reflects the influence of the CNTs aspect ratio (α) to conductivity and is expressed 
as [47]: 
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Since the volume fraction of the MWCNTs in this study is significantly altered due to their drift 
along the panel length then it can be considered as being high at the end of the panel (i.e. 0 < f < 
0.155), therefore, it was computed separately for each sample using Eq.(2). By substituting Eq. 
(2) and Eq. (3) in Eq.(1) by Maple software and after separating the variables , the relation 
between the tunnelling distance (d) of CNT-CNT and their volume fraction is; 
 
The numerical results obtained using the above relationship, Eq. (4), are shown in Figure 11. It 
can be noted that the tunnelling distance significantly decreases as the volume fraction of 
MWCNTs of samples increases. This changing in volume fraction due to the drift of the 
MWCNTs effect and can be clearly seen in Figure 12. The SEM micrographs, Figure 12 shows 
the 
difference in 
volume 
fraction of the 
MWCNTs after 
resin 
infusion at the 
inlet and outlet 
positions of the 
composite panel. 
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Figure 11. Tunnelling distance of MWCNTs-GE composite samples as a function of the volume fraction for 
each sample. 
20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  SEM micrographs of non-adhesive samples show MWCNTs volume fraction at (a) Panel inlet 
position, (b) End of panel (following infusion) 
(a)  (b)  
Epoxy in 
Residual 
epoxy out 
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3.4 Piezoresistivity and Strain Sensitivity Properties 
The major purpose of this study was to investigate the stability of MWCNTs coated fabric during 
epoxy infusing processing. Figure 13 shows the normalised electric change (∆R/R0) - strain 
curves obtained from experimental results for both types of fabricated composites (with and 
without adhesive). Both types of fabricated composites show a strong piezoresistive response 
when subjected to flexural loading. Regardless of the MWCNTs (fixed with adhesive or not), 
the behaviour of the normalised electric resistance change linearly and in negative piezoresistive 
manner, i.e. the resistance change (∆R/R0) decreases linearly with the increase of applied strain 
for both types of fabricated composite as clearly shown in Figure 13a, c. This change in (∆R/R0) 
with applied flexural strain can be interpreted as the breakdown of the conductive network paths 
between adjacent MWCNTs, which increases the inter-CNTs distance during applied strain. 
Moreover, the slope of the graphs shows the strain sensitivity i.e. gauge factor (GF) of the 
composite specimens at different zone locations along the composite panel length.  
     The gauge factor is significantly dependent on the volume fraction of the CNTs [48]. 
Therefore, the change in volume fraction of MWCNTs along the panel length, as expected and 
demonstrated in Figure 6, can be described as well as from the gauge factor calculations. 
Therefore, Figure 13b, d shows that the gauge factor for the samples in the zone one is higher 
than for samples located at the end of the composite panel i.e. (zone three) for both type of 
composites. For example, the gauge factor at zone one (for non-adhesive composite) is 3.67 
which is higher by  31.6 % and by 52.04 %  than zone two and zone three, respectively. This is 
due to the drift of MWCNTs causing the areal density to gradually increase along the composite 
panel, becoming highest in zone three. This is shown clearly in SEM images in Figure 12. It was 
proved that the samples with CNTs concentrations closer to the percolation threshold, are more 
sensitive and behave in a highly linear way [49, 50]. This could be a reason for the higher gage 
factor values in zone one, which has a lower MWCNTs content after resin infusion and, 
therefore, closer to the percolation threshold. 
     Other studies [2, 33, 51-53] have also observed that when the volume fraction of MWCNTs 
increases, then the distance between neighbouring MWCNTs decreases and this finally leads to 
reducing the electrical resistance and strain sensitivity (GF) of the nanocomposite. However, for 
a composite coated with adhesively bonded MWCNTs, there is no big obvious change in zones 
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gauge factors. This is due to the restricted movement of MWCNTs caused by the adhesive bonds 
between the MWCNTs and the fibres. This enables the MWCNTs to resist the pressure, which 
comes from the epoxy resin infusion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Normalised resistance change with strain and the gauge factors for different zones location. (a, 
b) without adhesive, (c, d) with adhesive. 
(a) 
(b) 
(c) 
(d) 
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4. Conclusions  
In summary, MWCNTs-GE composite panels were fabricated using vacuum infusion 
techniques. These panels were additional reinforced using MWCNTs, with these being 
incorporated into the composite structure with, and without, the use of a bonding adhesive. These 
panels were investigated, both experimentally and theoretically, and the following major 
conclusions can be drawn; 
1. In general, both mechanical and electrical properties of the fabricated composites were 
greatly enhanced by the addition of MWCNTs to their structure, particularly where these 
were fixed in place using a simple bonding adhesive.  
2. Flexural strength for the MWCNTs-GE composites,  where the bonding adhesive was 
used, was improved compared to the reference by ≈ 37 % for the samples located at the 
end of the panel, with changes less than  ≈ 1.6 % from this for the other zones. A 26% 
increase occurred for MWCNTs-GE composites, where no bonding adhesive was used, 
with large changes in values also being observed at first and second zones. 
3. The flexural modulus increased by ≈ 27 % and ≈ 21.4 % for the composite with, and 
without, the use of bonding adhesive respectively. 
4. The electrical conductivity measurements were also found to be high at the end of the 
MWCNTs-GE composites testes panels especially where no adhesive was used, with a 
maximum value of ≈ 0.06 S/m.  
5. The epoxy infusion process also affected the electrical resistance and the gauge factors 
of the MWCNT-GE composites. This process brought about a change in the volume 
fraction of MWCNTs along the length of the composite. The electrical resistance was 
high and the gauge factor was low where no bonding adhesive was used at zone three. 
6. Moreover, due to the drift of the MWCNTs to the end of the non-adhesive panel, the 
interparticle tunnelling distances between the MWCNTs have been determined by the 
theoretical analysis. The obtained results showed that there is an inverse relationship 
between the tunnelling distance and volume fraction of the MWCNTs. The samples have 
a high MWCNTs volume fraction at the end of panels and exhibited a massive reduction 
in the MWCNTs tunnelling distance. 
7. From the results obtained, a variation in both (with and without adhesive) MWCNTs-GE 
composites properties of the test panels was observed to take place according to where 
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the test specimens were taken from the fabricated panels. Test specimens taken from zone 
three positions obtained higher mechanical, electrical properties and lower strain 
sensitivity than those taken from zone one.  
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